Non-specific adsorption (NSA) of biomolecules is a persistent challenge in microfluidic biosensors. Microfluidic biosensors often have immobilized bioreceptors such as antibodies, enzymes, DNAs, etc, via linker molecules such as SAMs (self-assembled monolayers) to enhance immobilization. However, the linker molecules are very susceptible to NSA, causing false responses and decreasing sensitivity. In this paper, we present design methods to reduce the NSA of alkanethiol SAMs, which are popular linker molecules on microfluidic biosensors. Three design parameters were studied for two different chain-length SAMs (n = 2 and 10): (i) SAM incubation time, (ii) surface roughness [0.8 nm and 4.4 nm RMS (root mean square)] and (iii) gold crystal re-growth along (1 1 1) the target orientation. NSA was monitored by surface plasmon resonance (SPR). The results suggest that increased SAM incubation time reduces NSA, and that short-chain SAMs respond more favorably than the long-chain SAMs. Both SAMs were shown to be sensitive to surface roughness, and long-chain SAMs reduced NSA by 75%. Gold crystal re-growth along (1 1 1) the target orientation profoundly reduced NSA on the short-chain SAM. On a gold surface where surface roughness was 0.8 nm and there was strong directional alignment along the (1 1 1) gold crystal, final concentrations of nonspecifically bound proteins were 0.05 ng mm −2 (fibrinogen) and 0.075 ng mm −2
Introduction
Biosensors are critical elements in a wide variety of applications, from medicine, biotechnology, environmental monitoring and military technology to industrial food processing [1] . Recently, significant efforts have been made using microfluidics to miniaturize conventional biosensors for lab-on-a-chip platform applications [2] . Microfluidics offers unprecedented benefits, including low consumption of costly reagents, minimal handling of hazardous materials, short reaction time, multiple sample detection (performed in parallel), increased portability and design versatility [3, 4] . Most chemical and biological sensors used today are based on classical standard enzymatic or fluorescence-labeled methods such as enzyme-linked immunosorbent assay (ELISA) or fluorescent microscopy, where target molecules are modified by labeling. The labeling procedure, however, is timeconsuming and labor-intensive; furthermore, it is often difficult to accurately quantify results because there are differences in labeling efficiency for targeted proteins [5, 6] .
A number of label-free sensors have reportedly overcome those limitations, however, and these include surface plasmon resonance (SPR) sensors. SPR detects the refractive index change on a surface and allows us to monitor the affinity and kinetics of a wide variety of molecular interactions. SPR biosensors integrated with microfluidic channels have emerged as a promising tool for ultrasensitive, real-time and highthroughput detection [7, 8] . However, label-free biosensors, including SPR biosensors, currently suffer from severe nonspecific adsorption (NSA) of proteins [9] . Protein NSA causes 'false positive' errors in detection through overestimation of the affinity value [10] ; this tendency often limits the use of SPR-based biosensors. Overcoming this technical hurdle is what motivates our research.
Biological samples consist of a complex mixture of compounds, including abundant proteins (on the order of mg ml −1 ) that tend to adsorb nonspecifically to surfaces [11] . When other abundant nonspecific proteins are present, however, it is extremely challenging to detect target biomarkers at concentrations typically on the order of ng ml −1 or less. Many useful SPR applications are currently limited by NSA, and so far, no study has yet reported SPR analysis in whole blood, blood plasma or serum [12] . This further motivates our research, as it is crucial in such applications to have a highly active but low-fouling sensing surface for a microfluidicsbased SPR immunosensor [7, 8] . The ideal SPR biosensor surface would immobilize a maximal density of bioreceptors to increase the signal while simultaneously and effectively minimizing NSA.
Alkanethiol SAMs are among the most widely used bioreceptor linker molecules, partially because they offer two major advantages: abundant functional groups to immobilize bioreceptors and a fully packed monolayer that results in little NSA [11] [12] [13] [14] . Biosensing surfaces functionalized with alkanethiol SAMs, however, suffer from NSA for three main reasons (figure 1): non-immobilized bioreceptors, imperfectly formed monolayers and polycrystalline gold grain structure [15] . NSA occurs on the activated head group of the SAM where bio-receptors are not immobilized (figure 1, 1 ). Many techniques have reportedly reduced this source by de-activating the head group with ethanolamine-HCl, or by using mixed SAMs composed of hydrophilic resist film such as polyethylenglycol (PEG) or OH-terminated SAMs [12, [16] [17] [18] [19] . Recently, Bolduc et al reported that amino acids attached to 3-mercaptopropionic acid significantly mitigate NSA from serum proteins [11] . NSA also occurs when imperfect monolayers form on polycrystalline gold surfaces ( figure 1, 2 and 3 ). SPR requires an ultrathin gold film (∼50 nm) to be deposited on a transparent amorphous substrate, but it is difficult and costly to form a single crystalline gold film on the glass-like substrate [15] . Most SPR substrates have polycrystalline gold films formed by evaporative or sputtering processes [11, 14, 20] . The grain structure of polycrystalline gold substrates is characterized by dense arrangements of inter-grain boundaries, steps, facets and other structural irregularities, and these impact the structures and defects of the SAMs [15] . Imperfect SAMs result in NSA on the irregular monolayer where the SAMs have alkane chains exposed on the surface (figure 1, 2 ) and are not fully formed ( figure 1, 3 ). One alternative that minimizes NSA includes blocking the vacant sites using bovine serum albumin (BSA) [10] [11] [12] . This method, however, may interfere with interactions between the biosensor and molecules of interest, thereby resulting in false negative responses [11] . BSA can also be displaced by other proteins or form a multilayer with oppositely charged proteins (figure 2), again resulting in false positive responses.
In this paper, we report three design parameters to minimize NSA on polycrystalline gold surfaces: (i) SAM formation time, (ii) gold surface roughness and (iii) gold (1 1 1) crystal orientation. We conveyed a set of experiments to show how the three parameters impact NSA on two different chain lengths of SAMs. This paper is organized in sections addressing experimental approaches, results and discussion, and directions for further research.
Experimental details

Chemicals
The analytes for this protein adsorption study were a large blood plasma protein, fibrinogen (340 kDa), and a small protein, lysozyme (14.7 kDa). Fibrinogen (from Calbiochem) was used as a model for 'sticky' and 'large' serum proteins [16] , while lysozyme (from Sigma Aldrich) was used as a model for 'tiny' serum proteins. Anti-fibrinogen antibody was purchased from Calbiochem. Mediatech, Inc., supplied the phosphate buffer solution (PBS) 1× (1.15 g l We used 1-ethyl-3-dimethylaminopropyl carbodiimide (EDC), N-hydroxysuccinimide (NHS), sodium acetate (NaAc) and ethanolamine-HCl (GE Healthcare). Both ω-carboxylic acid alkanethiols [COOH(CH 2 ) n SH] with n = 2 (3-mercaptopropionic acid, 3-MPA) and n = 10 (11-mercaptoundecanoic acid, 11-MUA) were from Sigma Aldrich. All chemicals were used as purchased from suppliers, without additional purification.
Alkanethiol SAMs with different chain lengths
Two different chain length alkanethiol SAMs (n = 2 and 10) were used in the experiments. Long-chain SAMs (11-MUA) have been widely used as linker molecules due to the strong van der Waals forces among their chain molecules, which yield high packing density and well-ordered structures [12, 21] . High densities in surface terminal groups, however, lead to steric hindrance and disordered bio-receptors. To overcome these limitations, short-chain SAMs have recently been suggested as alternative linker molecules [3, 4, 21] . Short-chain SAMs offer higher sensitivity and require shorter incubation time than long-chain SAMs. However, shortchain SAMs are less stable due to the lack of the van der Waals attraction force. Recently, mixed SAMs have been broadly deployed to prepare biosensing surfaces; their powerful versatility regulates the concentrations of functional groups on those surfaces [22] . However, mixed SAMs require lengthy incubation periods to engineer the preferred component adsorption and optimize the desired concentration ratio. This is because, on mixed SAM surfaces, the terminal functional group concentrations and the molecular domain distribution do not necessarily depend linearly on the concentration ratios of the mixed solution. We chose both long-chain (n = 10) and short-chain (n = 2) SAMs for the NSA study, since different chain lengths and mixed SAMs have been used for different applications [23] .
Gold surface preparation
Glass substrates (BK7, n = 1.517) were first cleaned for 10 min in the piranha solution. The cleaned glass was then coated with Cr/Au (2 nm/47 nm) by a sputter. Oxygen plasma treatment controlled surface roughness. The gold oxide layer formed during oxygen plasma treatment was removed by a 10 min ethanol treatment [24] . Au (1 1 1) orientation was enhanced by thermal annealing using a hydrogen flame for several seconds.
To form SAMs, Au substrates were immersed in a roomtemperature ethanol solution of ω-carboxylic acid alkanethiols at 2 mM.
Fabrication of a SPR chip integrated with microfluidic channels
The microfluidic device was fabricated using a standard softlithography technique. First, a silicon wafer was patterned by deep reactive ion etch (RIE), ∼100 μm deep. Two 2.1 mm wide channels were separated by 1.3 mm. The PDMS solution was poured and cured on the silicon wafer, and then peeled off. The molded PDMS layer was approximately 1 cm, and it became the top structure. Inlet/outlet tubes from Upchurch Scientific (inner diameter: 25 μm, outer diameter: 360 μm) were inserted through the PDMS top using a syringe needle, and then fixed by an adhesive. The bottom substrate had patterned Cr/Au (2 nm/47 nm) pads on the glass substrate, which formed two sensing surfaces: reference and sample surfaces. The fabricated microfluidic chip is shown in figure 3 . Its sensing surfaces are 1.8 mm wide and 8.0 mm long. The width of the channel is slightly more than that of the gold surface to ensure a complete bond of the two substrates via oxygen plasma treatment.
SPR setup and surface modification for NSA monitoring
To monitor NSA in situ and in real time, the substrates formed by SAMs were mounted on an SPR analytical system (Biosensing Instrument Inc.). Angle shifts recorded the surface modification as each solution was delivered through the microfluidic channels by an external syringe pump. All flow rates were set at 10 μl min −1 . To study the effect of NSA due to imperfect SAM formation and alkane chains on the exposed gold surface, we first activated the COOH-SAM by flowing freshly mixed 0.4 M EDC/0.1 M NHS (1:1) in water for 10 min (step 1 -2 in figure 4) , and then quenched the activated carboxyl groups using 1 M ethanolamine-HCl (pH 8.5) for 10 min to block biomolecule adsorption on the SAM (step 2 -3 in figure 4 ). This process allowed us to distinguish NSA from biomolecules (fibrinogen or lysozyme) being adsorbed on the empty spaces or exposed SAM chains (since the quenched surface in our study is neutral, the electrostatic force does not exist between the quenched carboxyl groups and proteins). When proteins were injected in step 3 , for example, a negligible SPR angle shift (a) showed that little NSA occurred. When many proteins adsorb non-specifically on the surface, the angle shift is large (b). As shown in figure 4 , the final angle shift values (a) and (b) were used throughout the entire course of experiments to quantitatively evaluate NSA and to compare the two different chain-length SAMs across the three critical design variables: SAM formation time, Au roughness and Au (1 1 1) orientation.
Evaluation using atomic force microscopy
We used an atomic force microscopy (AFM) (Digital Instruments Nanoscope IIIs multimode AFM) to evaluate the protein absorption ex situ. We observed surface morphology changes as protein absorption occurred. Measurements were performed at air-ambient temperature (25 • C and 35% relative humidity). We used 42 N/m silicon AFM tips with a resonance frequency of 250-390 kHz, and a scanning rate of 2 Hz (lines per second). Figure 5 describes NSA as a function of SAM incubation time. As the structure of SAMs changes from low to saturated phases, NSA decreases; proteins simply have fewer places to adsorb non-specifically. The long-chain SAM with 2 s formation time has a large NSA for fibrinogen [586 mdeg (4.88 ng mm −2 )] and lysozyme [467 mdeg (3.89 ng mm −2 )], while the short-chain SAM shows only 244 mdeg and 256 mdeg NSA, respectively. AFM images of surface coverage (%) also demonstrate substantially more NSA on long-chain SAMs for the short formation time than NSA on short-chain SAMs. Although NSA on long-chain SAMs significantly decreases as incubation time increases, nonnegligible NSA exists even after 24 h formation time: 20 mdeg (0.17 ng mm −2 ) for fibrinogen and 12 mdeg (0.1 ng mm −2 ) for lysozyme. By contrast, after a 3 h formation time for the shortchain SAM, little NSA was observed: 6 mdeg (0.05 ng mm −2 ) for fibrinogen and 9 mdeg (0.075 ng mm −2 ) for lysozyme. AFM images confirm the substantial NSA reduction after full monolayer formation.
Results and discussion
Effect of SAM incubation time on NSA
Many prior arts report the kinetics of alkanethiol adsorption as a function of incubation time [25] [26] [27] . For longchain SAMs (n > 8), 80-90% of SAMs are formed in the initial stage within a few minutes [27] . In the first stage, chemisorption of the thiol head group forms a 'lying down phase' on the surface of the substrate. The second and third stage formations occur over the longer period of incubation and involve reorienting hydrocarbon chains and ordering the SAM terminal functional groups [28] . Short-chain SAMs exhibit a different formation phase. They tend to stand up from the initial stage, but the weak van der Waals force between chains makes a less dense monolayer [29] . Those different formation stages result in different NSA, and the following is one possible explanation. For the initial stage, long-chain molecules lie down randomly on the surface, exposing many empty gold surfaces and alkane chains. As those exposed surfaces are hydrophobic [30] , many proteins tend to adsorb non-specifically. However, short-chain molecules stand up on the surface so significantly fewer empty gold surfaces are exposed. We therefore believe that there is substantially less NSA on the short-chain SAM than that on the long-chain SAM for the same formation duration. A few seconds later, however, long-chain molecules start to stand up from the van der Waals attraction force between chains, allowing them to form a dense monolayer. Consequently, NSA dramatically reduces for longchain SAMs after 10 s. Nevertheless, the NSA of long-chain SAMs incubated for 24 h is higher than that of the short-chain SAM incubated for 3 h. We believe this difference is because the long-chain SAM on the polycrystalline gold surface does not completely follow the structural irregularities on the gold surface while the short-chain SAM covers most gold surfaces. This is further addressed in the next section. One thing to note is that NSA is a function of the size of proteins. Fibrinogen on the long-chain SAM, for instance, adsorbed more than lysozyme did, while short-chain SAM showed the opposite trend. We believe that sparsely formed short-chain molecules allow small lysozyme proteins to adsorb on the empty space where fibrinogen cannot enter, while sticky fibrinogen tends to adsorb more on long, exposed hydrophobic alkane chains.
Effect of Au roughness on NSA
The surface roughness of sensing surfaces substantially impacts NSA. The roughness of the thin gold film is determined by the substrate material and lattice matching between the substrate and gold crystals. Conventional techniques producing smooth gold surfaces use an atomically flat substrate such as mica. As a result of epitaxial growth on the cleaved mica, one can deposit a single-crystal Au (1 1 1) layer either by evaporation or sputtering [31] . Here, we focus on non-crystalline glass rather than mica substrates because glass offers several practical advantages over mica, including high stability at high temperature, easy handling for SPR monitoring and low cost [31] . However, a gold film deposited onto a glass substrate has higher roughness, which leads to formation of defects in alkanethiol SAM, consequently causing severe NSA [32] . Figure 6 shows that as the surface roughness decreases, NSA is consistently reduced. Using oxygen plasma treatment, two gold substrates were prepared with different roughnesses. One has 4.4 nm of root mean square (RMS) roughness while the other has 0.8 nm ( figure 6(a) ). NSA on long-chain SAMs is a strong function of the roughness. Fibrinogen adsorption (80 mdeg) on a highroughness surface significantly reduces to 20 mdeg on a lowroughness surface. Lysozyme adsorption also decreases as the roughness of the gold surface decreases. However, NSA of short-chain SAMs is not sensitive to the surface roughness as much as that of long-chain SAMs. Long-chain SAMs have many defects when they are formed on the polycrystalline gold surfaces because of the van der Waals attraction force between chains [15] . Those defects could increase NSA. By contrast, the surface roughness of short-chain SAMs has little impact due to the very low van der Waals force between chains.
Effect of annealing Au film
The formation of SAMs strongly depends on the crystalline morphology of the underlying gold surface. Annealing Au film changes the morphology by changing the crystallographic orientation and enlarging the grain size. Au (1 1 1) yields a monolayer of the highest density and degree of regularity. This is why Au (1 1 1) is the most popular substrate material for SAM applications [33] . Single-crystalline Au (1 1 1) substrate has been widely used for SAMs in STM or AFM studies [15, 31, 34] . Recently, polycrystalline gold has gained attraction to be used for biosensor applications because of its practical handling and low cost [31] . A gold film on a glass substrate cannot grow epitaxially because there is no atomically ordered phase on the glass surface; yet most Au deposition processes tend to produce films with substantial preference for a crystalline gold (1 1 1) texture [35] . As shown in figure 7 (a), XRD (x-ray diffraction) of both thermally untreated and treated films have almost exclusively a (1 1 1) texture. A series of rocking angle measurements of the Au (1 1 1) diffraction peak (inset, figure 7(a) ) show a substantial improvement in FWHM (full width at half maximum) in the thermally treated samples. This suggests that a strong alignment of the crystals along the (1 1 1) direction occurs during thermal treatment ( figure 7(b) ). The growth of the Au crystallites decreases defect density on the SAMs, leading to fewer grain boundaries. Figure 7(c) shows that the untreated sample has approximately twice the NSA of fibrinogen compared to the thermally treated sample; lysozyme adsorption, by contrast, has little dependence on the treatment. We believe that fibrinogen's NSA increase might be due to the roughness change during thermal treatment. NSA on long-chain SAMs is highly dependent on the surface roughness (as discussed in the previous section). After thermal treatment, RMS roughness increased from 0.7 nm to 0.8 nm. NSA for both proteins on the short-chain SAMs, on the other hand, decreased after thermal treatment, showing a 14 mdeg drop for fibrinogen and 13 mdeg for lysozyme. The angle changes between thermally untreated and treated samples were larger than those from the surface roughness effect. We therefore conclude that NSA for short-chain SAMs is more strongly dependent on Au film annealing than that of long-chain SAMs.
Optimal combination of the three design parameters to reduce NSA and enhance SNR
The anti-fibrinogen antibody was immobilized on short-and long-chain SAMs by activating the carboxylic acid groups with 400 mM EDC/100 mM NHS in water for 10 min. The produced NHS-esters reacted with amine functional groups in the 100 μM anti-fibrinogen in 10 mM NaAc (sodium acetate, pH 5.3) solution. Once protein immobilization was complete, 1M ethanolamine-HCl was used to deactivate and block any remaining active groups on the surface. Then, 1 ng ml −1 fibrinogen was injected. Figure 8 shows the SPR sensorgram of immobilizing anti-fibrinogen antibody to both SAMs and subsequent exposure to fibrinogen in the picomolar range (2.94 pM). When 100 μg ml −1 of anti-fibrinogen in PBS was injected, the angle shifts were 497 mdeg and 381 mdeg for the long-and short-chain SAMs, respectively. This suggests that long-chain SAMs are more densely packed and immobilize more antibodies than short-chain SAMs. There might be more NSA due to more defects on the long-chain SAMs. When fibrinogen (1 ng ml −1 concentration) was introduced to the immobilized antibody surfaces, for instance, we observed 1.9 mdeg and 11 mdeg for long and short-chain SAMs, respectively. Considering that long-chain SAMs have more antibodies immobilized than short-chain SAMs, the results suggest the background noise of NSA on the long-chain SAM limits the SPR angle shift. The SPR angle shift of the shortchain SAM was five times higher than that of the long-chain SAMs. This demonstrates the optimal combination of the three targeted parameters on the short-chain SAM (incubation time, surface roughness and crystal direction), producing a significant SNR (signal-to-noise ratio) improvement over the conventional long-chain SAM surface.
Conclusion
In this paper, we studied NSA behavior on polycrystalline gold surfaces modified by alkanethiol SAMs with different chain lengths. The purpose of this work is to address a major bottleneck in microfluidic-based biosensor development by providing controllable parameters for reducing NSA on microfluidic-based biosensors. Two different length SAMs were prepared on a microfluidic device, and their NSA was monitored by SPR for each of three different design parameters: (i) SAM formation time, (ii) gold surface roughness and (iii) gold surface crystal orientation. The results show that long-chain SAMs suffered from NSA even after 24 h SAM formation time, while short-chain SAMs showed little NSA after just a 3 h formation time. The gold surface roughness revealed different NSA patterns for long-and shortchain SAMs: long-chain SAMs were more dependent on roughness, while short-chain SAMs were less dependent. NSA on the short-chain SAMs strongly correlated as a function of gold (1 1 1) orientation. For actual antigen detection through immunoreaction, however, background noise from NSA on the long-chain SAMs masked the signal from analytes of interest.
